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ABSTRACT
The experiment and simulation on stiffness of hyperboloid shallow shells have been performed. The sequential processes including sheet metal forming, springback and stiffness test of hyperboloid shallow shells are investigated through FEM numerical simulation. The reliability of numerical simulation results on stiffness test of hyperboloid shallow shells is enhanced and validated by experiment. The analysis and control of the panel stiffness can be attained by the distribution of strain and stress after forming, springback, and stiffness test, under varied blank holding force. The smaller the residual stress is, the greater the stiffness is, and the uniform distribution of residual stresses on the centre of panel is beneficial to increase the stiffness. The Young's modulus of material properties plays a great role on the shell stiffness, and the stiffness increases with increasing of Young's modulus. The effect of strength coefficient on the stiffness is obvious in the mechanical properties also. All results will provide a particularly effective process guidance and technical approach in the automotive panel production.





Lightweight, high strength steels have been brought into the automotive manufacturing field, in order to improve the fuel efficiency, to reduce air pollution and to increase safety of passengers [1-6]. The studies on the stiffness of automotive panel have been continuing to meet this demand based on reliability, safety and comfort [7-11]. In the past, lots of works about panel stiffness of cylinder shallow shell have been done in order to improve the automotive panel stiffness by means of experiment and numerical simulation. Also many research achievements are obtained, such as the effects of parts geometry, material properties parameters, stamping parameters and springback of single curved surface shell [12-14] on the panel stiffness. However, the sag of the deflection after metal sheet deformation, springback and stiffness test of the hyperboloid Shallow Shell (doubly curved flat shell) which is different with cylindrical shallow shell’s [15-17]. And it is a complicate geometric nonlinear problem. Thus, it is obvious that a comprehensive and accurate prediction of a panel’s stiffness properties at early stage in the design process is required by means of numerical simulation which can not to be done with method of experiment.
In order to develop a comprehensive understanding on the stiffness of automobile, large numbers of experiments and numerical simulations are performed in this work to analysis the influences mechanism of the process conditions and material mechanical properties on the automotive panel stiffness. 
2. EXPERIMENT 
In this work, the experiment and numerical simulation of the hyperboloid shallow shells which can present the characteristics of automotive body are performed to study the stiffness of automotive panel. Within this experiment, the hyperboloid shallow shells are drawn with the special die and 2000kN double-acting sheet hydraulic press. BHF can be regulated steplessly. The dimension of rectangle blank is 400mm×300 mm, and the drawing depth is 30mm.
2.1 Material 
Two kinds of materials 1# and 2# were used in the experiment and simulation. The basic mechanical properties of the materials of cold-rolled steel are given in Table1, where t is panel thickness, E is Young’s modulus, K is strength coefficient, n is strain-hardening exponent and r is anisotropy parameter. 

Table 1 Mechanical properties of material 1#and 2# which be used in experiment and simulation
Material  No.	t  (mm)     	E    (MPa)×105	 k（MPa）	n	r
1#	0.6	2.07	495	0.23	2.125
2#	0.7	2.07	640	0.238	1.143
2. 2 Stiffness test
The stiffness of deformed hyperboloid shallow shell was tested with the portable stiffness tester (Figure 1). And this stiffness test could be performed on arbitrary point of three-dimensional space of in order to give normal loading on the curved surface by adjusting the test instrument. The hyperboloid shallow shell is loaded with a 20 mm diameter indenter. The boundary mode of experiment is shown in Figure 2 while the stiffness is tested, which is same with the simulation. The force and displacement are measured by the aid of an optical grating measuring system and a force sensor continuously during the loading. The stiffness measurement starts when the indenter comes in contact with the panel. And the stiffness evaluation is based on the method of initial point slope [12].

Figure 1 Protable stiffness tester

Figure 2Stiffness test of hyperboloid shallow shell
3 NUMBERICAL SIMULATION
3. 1 Numerical simulation procedure
Simulations are run in three steps. The first step is the forming process, the second step is springback after forming, and a static load is applied on the panel with the last step. The simulation of springback and stiffness is based on the result of on-step before. The blank holder, male die and the dent body (punch) are assumed rigid during simulation. And the indenter diameter is 20mm which same as the one of experiment. The loads and boundary conditions are modeled to resemble the experimental conditions. The material properties of the panel given in Table 2 are used in simulations. And the friction factor at the interface between the die and the work piece is 0.1 in the forming simulation. The stroke of punch is 30 mm which same as the experiment’s. Finite element models of hyperboloid shallow shell of forming processes are shown in Figure 3. The boundary condition of stiffness test of simulation is shown in Figure 4.  

Table 2 Mechanical properties of materials 3# -7#









Figure 3Finite element  modet of hyperboloid shallow shell

Figure 4Boundary condition of stiffness test of simulation 
3. 2 Comparison of simulation and test results








(3) Stiffness test 
Figure 5Displacement Z distribution after forming, springback and stiffness test of hyperboloid shallow shell material 1#
In order to verify the accuracy of numerical simulation further, material 2# and five different BHF from 2.0MPa to 2.8MPa are adopted for shells’ forming with experiment and simulation. The stiffness value K0.3 is obtained to compare the consistency of experiment and simulation. Figure 6 displays the influence of BHF on the stiffness of material 2#, by simulation and experiment. As can be seen from graph, the relation between the experiments and the numerical results has been achieved that the stiffness is greater with the increasing BHF. The effect of BHF on the stiffness of experiment and simulation is consistent. The average deviation rate of stiffness value K0.3 of experiment and simulation is 8.1% by calculation. The reason for this deviation may come from the precision error of the force and displacement sensors, system error of stiffness tester and the difference size of the boundary area of experiment and simulation. In terms of the stiffness, the simulation results also show good agreement with the experimental ones. It is feasible and reliable to study the stiffness problem by means of this method of numerical simulation.
 Figure 6The influence of the BHF on stiffness of experiment and numerical simulation, material 2#
4 SIMULATION RESULTS AND ANALYSIS
Five materials （Table 2） are used to study the control mechanism of stiffness by analysis of stress and strain distribution with numerical simulation.
4. 1 Effect mechanism of stamping process on stiffness
Blank holding force is one of important process conditions in the hypocritical shallow shell’s forming. In order to find the effect mechanism of BHF on stiffness, 12 different BHF values from 90KN to 500KN are used and other forming processes are kept constant. The relations between BHF and stiffness of materials 1# are shown in Fig. 7.
 Fig.7Relation between BHF and stiffness
From the Figure 7 we can see that the influence laws of BHF on the stiffness present non conformance. The stiffness increases with the increasing BHF from 90KN to 300KN, and then it decrease with increasing BHF from 300KN to 500KN. The stiffness reaches the highest value of 146.4 N/mm when BHF is 300KN.
In order to find the effect mechanism of that, three possible factors that could influence the change of stiffness are taken into account, including surface stress, strain (thinning of thickness) and springback.
4.1.1 Distribution of surface stress
Figure 8 shows the distribution of max effective surface stress of shallow shells after sprinback and stiffness test，in which shell is loaded with indenter to 0.3mm displacement. The surface stress distribution is uneven after shell springback and stiffness test. The stress of double curved surface centre is lower, and its distribution is more uniform than that of the other surfaces, such as vertical edge of shell, as shown in Figure 8(a). The same result appears in the process of stiffness test (Figure 8(b)), even that stress of double curved surface increases gradually with increasing displacement produced while shell loaded by indenter.

(a)	Max effective surface stress after springback

(b)	Max effective surface stress when stiffness testing 
Figure 8Distribution of max effective surface stress 
Also, the stress of six elements on the centre of double curved surface along the X-axis (Figure.9) after forming and springback are shown in Figure 10, in which BHF is 90KN. As shown, the stress is released after springback.

Figure 9The location of six elements (A14052, B14448, C14845, D15241, E15636, and F16034)


Figure 10The effective surface stress of six elements  (time=0 is at the last step of  forming; time=4 is at springback) 

The max surface stress data of the centre region of double curved surface after springback is picked up under BHF 90KN, 300KN and 500KN, that’s shown in Figure 11. The stress is lower than the forming after springback under every BHF conditions, and the greater the blank holding force, the smaller the stress is; also the stress distribution is more even. In theory, the smaller the residual stress is, the greater the stiffness is; the uniform distribution of residual stresses on the centre of panel is beneficial to increase the stiffness with the increasing plastic deformation. But, the stiffness of BHF 90KN is almost same with 500KN’s. So the other possible factors may lead to this result which can’t be ignored.

 Figure 11The effective surface stress of six elements  
4.1.2 Effect of springback
It has reached a consensus that the curvature radius plays crucial role in the stiffness. The smaller the curvature radius is, the greater the stiffness is. The spring back after shell forming results in increasing of radius of curvature. Then, the smaller the spring back is, the smaller the curvature radius is, and the higher the panel stiffness.
Also the Z-displacement after spring back is read along X-axis from edge to the center of on the curved surface with the three different blank holder forces. The relationship between the springback and blank holder force is obtained that is shown in Figure 12. The contour of Z-displacement is smallest when the forming BHF is 300KN, and the stiffness is highest.

Figure 12Contours of Z-displacement after springback from edge to the center along X-axis with three different BHF 
4.1.3 Effect of thickness reduction
Figure 13 shows the distribution of thickness reduction after forming with BHF 90KN. Uniform thinning distribution present on panel curve face and the greatest thinning is shown on the periphery region.

 Figure 13Distribution of thickness reduction after forming under BHF 90KN







Figure 14Thickness reduction after forming from edge to the centre along X-axis with three different BHF
4. 2 Effect of materials properties on stiffness
Five kinds of materials 3# to 7# are introduced here to investigate the material mechanical properties on stiffness of hyperboloid shallow shells. The shells are formed with same BHFs and drawing depth (30 mm) respectively. 
Fig. 15 displays influence of Young's modulus E on the shell stiffness of materials 3#. As can be seen that the stiffness increase with increasing Young's modulus E. So the Young's modulus plays a great role on the shell stiffness.
 Fig.15Relation between Young's modulus and stiffness
Figure 16 shows that the stiffness values are varied among sis kinds of materials, and the effect of materials on stiffness is complicate. The stiffness of material 5# is smallest among these materials, and stiffness of material 3# and 7# is slightly greater than any other materials. The strength coefficient K of material 5# is smallest among these materials, and the strength coefficient K of material 7# is largest (Table 2). It can be concluded that the effect of strength coefficient K on the stiffness is remarkable in the mechanical properties, although the effect of interaction of mechanical properties of materials on the stiffness cannot be ignored.
  Figure 16Stiffness of sis kinds of materials.

5 CONCLUSION
The whole processes of forming, springback and stiffness test of hyperboloid shallow shells are investigated with numerical simulation and experiments. The simulation results show good accuracy with the experimental ones, and it is feasible and reliable to study the stiffness problem by means of the numerical simulation technologies on the three steps continuously. The effect mechanism of BHF on stiffness is acquired by analyzing distribution of the surface stress, springback and thickness reduction on the centre of double-curved surface. The smaller the residual stress is, the greater the stiffness is, and the uniform distribution of residual stresses on the centre of panel is beneficial to increase the stiffness. Then, the smaller the spring back is, the smaller the curvature radius is, and the higher the panel stiffness. The stiffness does not always increase with increasing of the blank holding force, because the effect of thinning on stiffness is far greater than that of stress and springback, especially the excessive deformation of the panel with higher blank holding force. The Young's modulus of material properties plays a great role on the shell stiffness, and the stiffness increases with increasing of Young's modulus. The effect of strength coefficient K on the stiffness is obvious in the mechanical properties also, and the stiffness is higher with great strength coefficient K than that of small one. So, The appropriate choice of material and stamping process conditions are very important in meeting necessary requirements for the energy-saving, low cost with lightweight in automotive industry.
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